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COMPLETE SPECIFICATION 

New Phosphine Derivatives and their use in the Hydro- 
formylation of Olefinic Compounds 

We, Shell Internationale Research Maatschappij N.V., a Company organ- 
ised under the laws of die Netherlands, of 30 Carel van Bylandtlaan, The Hague, 
Holland, do hereby declare the inventioxi, for which we pray that a patent may be 
granted to^ us, and the method by which it is to be performed, to be particularly 
5 described in and by the following statement: — 5 

The invention relates to a process for the preparation of aldehydes and/or alcohols 
by reacdon of olefins with carbon monoxide and hydrogen in the presence of special 
pho^hine-KTonraining cobalt complexes as catalysts. 

The invention also relates to the said special phosphines and the said cobalt 
10 complexes and the preparation thereof. 10 

It is already known that complexes comprising cobalt, carbon monoxide and 
phosphines may be used as catalysts in the preparation of aldehydes and/or alcohols 
starting from olefins, carbon monoxide and hydrogen. As suitable phosphine com- 
ponents in these complexes trialkylphosphines e.g. tributylphosphine have been proposed. 
15 It has now been found that by selection of heterocyclic phosphines as participants 15" 

in the catalyst complexes, in which phosphines, a heterocyclic group containing at 
least five carbon atoms is present, the formation of primary alcohols is promoted and 
the quantity of saturated hydrocarbons (formed in a side-reaction) is reduced. Further- 
more an increase in the hydroformylation rate is observed. 
20 The invention may be defined as relating to a process for the preparation of 20 

aldehydes and/or alcohols by reacdon of an olefinic compound with carbon monoxide 
and hydrogen ia the presence of a complex catalyst comprising cobalt, carbon monoxide 
and a phosphine in which reaction the characteristic feature consists in that a catalj^t 
is used which contains a heterocyclic phosphine in which a heterocyclic group with 
25 at least five carbon atoms is present. 25 

In their active form, the suitable novel complex catalysts contain the cobalt 
in a reduced valence state. This will normally be a zero valence state and may 
suitably be. even, lower,, such. as. a. - 1 valence, state. As uscd .throughout this specifica- 
tion and claims, the term "complex" means a coordination compound formed by 
30 the union of one or more electronically rich molecules or atoms capable of independent 30 
existence with one or more electronically poor molecules or atoms, each of which is 
also capable of independent existence. 

In the special classes of ligands described hereinafter containing trivalent phos- 
phorus comprised in the novel complex catalysts employed in the process of the 
35 invention, the phosphorus atom has one available or unshared pair of electrons. When 35 
trivalent phosphorus has such an electronic configuration, it is capable of forming a 
coordinate bond with cobalt in its 0 and - 1 valence states. It will thus operate as 
a ligand in forming the desired novel cobalt complexes used as catalysts in the 
present invention. 

40 The phosphine ligands may be formed from the compounds described and claimed 40 
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in spediicadon No. 969,129. These compounds are 4-phosphorinanes of the formula: — 

^^dM — ^ 

T 

wherein R is a substituted or unsubstituted, branched or straight chain alkyi radical 
having from 1 to 4 carbon atoms^ a phenyl, or 4*-unsubstituted cycloalkyl radical, or 

5 a substituted or unsubstituted aryl radic^; each R% R-, R* and R'* is one of the 5 

following; a hydrogen atom, or an alkyl radical containing from 1 to 4 carbon atoms, 
a phenyl, or 4^-methyl phenyl radical; and each of R*'* and R* is a hydrogen atom 
or an alkyl radical containing from 1 to 4 carbon atoms; at least one. of R^ to R* 
being other than a hydrogen atom. 

10 A preferred group of phosphine. ligands is formed by the tertiary six-membered 10 

heterocyclic phosphines. In these phosphines the phosphorus atom is attached to a 
hydrocaxbyl group and to a l^S-hydrocarbylene^ group. By the term "1^-hydro- 
carbylene" is meant the diradical formed by removal of one hydrogen atom from each 
of two different carbon atoms, said carbon atoms being separated by three carbon 

15 atoms, of a saturated or unsaturated hydrocarbon containing at least five carbon 15 
atoms. Thus, for example, when the 1,5-hydrocarbylene diradical is a pentamethylene, 
substituted or unsubstituted, the phosphine of the present invention is a phosphorinane. 
The bridge 5*carbon atoms, i.e., the 1,5-hydrocarbylene, may be any such radical 
composed solely of carbon and hydrogen and having a wide variety of alkyl, alkenyl, 

20 cycloalkyl, aryl, aralkyl, alkaryl, fused ring, straight chain or branched chain hydro- 20 
carbon substituents. Representative substituents on the 1,5-hydrocarbylene diradical 
inclucfe methyl, tertbutyl, hexenyl, isooctyl, decyl, cyclohexyl, phenyl, 1,3-butadienyI- 
ene, benzyl, phenethyl and styryl groups. It is preferred that any substituent attached 
to a bridge carbon atom contains no more than 10, preferably no more than 6, 

25 carbon atoms and that all such substituents combined contain no more than 40 carbon 25 

atoms. It will be understood that when a substituent completes a fused ring for 
example 1,3-butadienylcne, to yield a tetrahydro-phosphinoline 




or a tetrahydro-isophosphinoline. 



R being (substituted) hydrocarbyl, 

30 it will be considered that each of two adjacent carbon atoms in the 5-carbon atom 30 
bridge is substituted, once with a 2-carbon substituent. The afore-mentioned sub- 
stituted 1,5-hydrocarbyIene diradicals may also contain a functional group such as 
the carbonyl, carboxyl, nitro, amino, hydroxy, cyano, sulphonyl and sulphoxyl groups. 
Thus, for example, when a subsututed 1,5-hydrocarbyIene diradical is a 3-oxo- 

35 1,5-pentamethylene, possibly additionally substituted, the phosphine is a phosphorin- 35 

anone and in the. given specific example a 4-phosphorinanone, In a preferred group 
of tertiary, six-membered cyclic phosphines the 1,5-hydrocarbylene diradical contains 
from 5 to 33 carbon atoms, such that any hydrocarbon substituent auached to a bridge 
carbon atom of the said diradical contains.no more than ten carbon atoms. 

40 The tierm "hydrocarbyl" is used in its accepted meaning as iepresenting a radical 40 

formed from a hydrocarbon by removal of a hydrogen atom. The hydrocarbyl group 
to which the phosphorus atom is linked may be any organic radical composed solely 
of carbon and hydrogen. Thus, the hydrocarbyl groups may be alkyl, alkenyl, cyclo- 
alkyl, aryl, aralkyl or alkaryl groups. They may contain one or more rings and contain 

45 straight or branched chains. Representative hydrocarbyl groups include methyl, ethyl, 45 

allyl, n-butyl, hexenyl, isooctyl, dodecyl, octadecyl, eicosyl, triacontyl, cyclohexyl, 
cyclooctyl, phenyl, naphthyl, benzyl, stjnryl and phenethyl groups. Substituted hydro- 
carbyl groups are also operable and may contain one or more iuncdonal groups 
siich as carbonyl, carboxyl, iiitro, aniino, hydroxy (e.g. hydroxyethyl), cyano, sulphonyl. 
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sy^groups. Very suitable are amino-substituted hydrocarh 



and sulphoxy^groups. Very suitable are amino-substituted hydrocarbyl groups and 
especially hydrocarbyl groups substituted by dialkylamino groups wherein each alkyl 
group contains from 2 to 18 carbon atoms. A preferred group of ligands consists of 
diose in which the said hydrocarbyl group contains from 4 to 36 carbon atoms. 
5 It is sometimes desirable to balance the size of the substicuents in the afore- 5 

described phosphines. When the substituents of the hydrocarbylene group are numer- 
ous and large, it may be desirable to choose a smaller hydrocarbyl grotjp. Con- 
versely, when the h3rdrocarbyl groiq> is large, e.g. eicosyl or triacontyl, it may be 
desirable that the hydrocarbylene-substituents be smaller and/or less numerous, such 
10 as monomethyl, dimethyl. Particularly useful ligands are those in which die sum of 10 
the carbon atoms in the hydrocarbylene and hydrocarbyl groiq>s is no greater than 
41 carbon atoms. 

Another preferred group of phoq)hine ligands is formed by the tertiary seven- 
membered heterocyclic phosphines. In these phosphines the phosphorus atom is at- 

15 tached to a hydrocarbyl group and to a 156-hydrocarbylene group. By analogy to the. 15 

1,5-hydrocttrbykne group the^'^'i,6-hydrocarbylene group" is* defined as the diradical * *• 

formed by removal of one hydrogen atom from each of two different carbon atoms, 
said carbon atoms being separated by four carbon atoms of a saturated or unsaturated 
hydrocarbon containing at least six carbon atoms. Thus, for example, when the 1,6- 

20 hydrocarbylene diradical is a hexamethylene, substituted or unsufc^tituted, the phos- 20 
phine is a phosphepane. 

The hydrocarbylene group may be substituted by any one of the groups mentioned 
hereinbefore as suitable substituents in the bridge of 5 carbon atoms. Preferably it 
contains from 6 to 34 carbon atoms. 

25 Suitable hydrocarbyl radicals present in the tertiary seven-membered heterocyclic 25 

phosphines and containing one or more functional groups as substituents, if so 
desired, comprise those recommended in the six-membered heterocyclic phosphines. 
However, in balancing the size of the substituents in the seven-membered ring com- 
pounds, it is preferred that the sum of the carbon atoms in the hydrocarbylene and 

30 the hydrocarbyl group in the phosphines does not exceed 48. 30 
An especially preferred group of ligands is formed by the bicyclic heterocyclic 
tertiary phosphines, in particular hydro carbyl-substitiited monophosphabicyclohydro-. 
carbons, saturated or unsatvirated, having 8 or 9 ring atoms including the phosphorus 
atom in which the smallest phosphorus-containing ring contains at least 5 atoms 

35 and the phosphorus atom is not a bridgehead atom. In addition to the hydrocarbyl^ 35 

substitution on the phosphorus atom, the ring carbon atoms may also be substituted. 
However, it is preferred that such substituents be limited to non-bull^ ones, spch 
as in particular, alkyl groups with 1 to 4 carbon atoms. It is recommended that no_ 
more than two alkyl substituents are present at the same time and that these are" 

40 auached to different ring carbon atoms. 40 
The aforesaid monophosphabicyclo hydrocarbons suitably contain from 7 to 46 
carbon atoms and preferably from 12 to 40 carbon atoms. 

Very suitable are bicyclic tertiary phosphines unsaturated in the bicyclic portion 
of the ligand, in particular the hydrocarbyl-substituted monophosphabicyclo nonatrienes. 

45 In these ligands the total number of carbon atoms is usually from 8 to 44 and pre- 45 
ferably from 12 to 38. 

In the bicyclic heterocyclic tertiary phosphines the hydrocarbyl group and sub- 
stituents therein if any may suitably be selected from the hydrocarbyl groups and 
functional groups mentioned above in conneaion with the monocyclic phosphines. 

50 Preferably the hydrocarbyl group contains from 1 to 36 and in particular from 4 to 50 

30 carbon atoms. 

The teniary, six-membered heterocyclic phosphines and their preparation arc 
well described by Maier, L., "Progress in Inorganic Chemistry", Vol. 5, F.A- Cotton, 
ed., Interscience Publishers, N.Y., 1963, pp. 167—170, 175 — 177, and by Mann, 
55 F.G., "Progress in Organic Chemistiy", Vol. 4, F.W. Cook, ed., Butterwonhs, 55 
London, 1958, p. 224—226. 

Seven-membered heterocyclic tertiary phosphines with no ring carbon substiments 
may be prepared according to U.S. Specification 3,086,053 by reaction of hexamethyl- 
ene dihalides with monosubstituted alkali metal derivatives of primary phosphines in 
60 a liquid ammonia medium. 50 
A preferred method for the production of 6- and 7-membered heterocyclic 
tertiary phosphines by a practical one-stage process consists in reaaing divinyl- 
substituted hydrocarbons containing two non-conjugated double bonds with mono- 
substituted, i.e. primary, phosphines in the presence of a free radical-generating 
65 catalyst and in the absence of substantial amounts of oxygen. 65 
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Suitable divinyl-substituted hydrocarbtMis are dienes in which the double bonds 
are isolated, i.e. non-conjugated double bonds. A particularly useful class of divinyl- 
substituted hydrocarbons is that represented by the formula Q(CR' = CH»)i, in 
which Q represents a hydrocarbylene group wherein the connecting-bridge moiety 

5 always has from 1 to 2 carbon atoms in the bridge between the vinyl groups and S 

R' represents either hydrogen or a lower alkyl group having 1 to 5 carbon at<Hiis, 
preferably a methyl, ediyl, propyl or butyl group. Hydrocarbylene groups wherein 
the connecting bridge moiety^ always contains from 1 to 2 vinyl-bridging carbon 
attHns are fundamentally methylene and ethylene divalent radicals, either unsubstituted 

lO or substimted virith a wide variety of alkyl, allgrlene, cydoall^l, aryJ, aralkyl, alkaryl, lo 
straight chain or branched chain, hydrocarbon substituents and structures. Represent- 
ative hydrocarbyl substiments include methyl, tert-butyl, cyclohexyl, decyl, octadecyl, 
pl^yl, benzyl, phenediyl. It is preferred that any substituent attached to a bridee 
cari>on atom conttms no more than 10, preferably no more dian 6, carbon aton^, 

15 and that all such substituents contain no more than a total of 20 carbon atoms 15 
Thus, a preferred group of divinyl-substituted hydrocarbons contains those represented 
by the formula Q(CR' = CH2)2 in which Q represents a hydrocarbylene group of 
from 1 to 14 carbon atoms, with the proviso that the bridge moiety is a bridge of 
1 to 2 carbon atoms and that any hydrocarbon substifaient attached to a bridge carbon 

20 atom contams no more dian 10 carbon atoms, and R' represents hydrogen or a lower 20 
al^l gro»q> having 1 to 5 carbon atoms. Representative examples of these divinyl 
hydrocarboite mdude 1,4-pentadiene, 3-mediyi.l,4-pentadiene, 2,4-dimethyl-l,4-penta- 
diene, 3,3-dimethyl.l,4-pentadiene, 2,3,4-trimetiiyl-l,4-pentadiene, 3-phenyl-l,4-penta- 
^'Ta'- 3,3-diphenyl-l 4-pentadiene, biallyl, bimethallyl, 3-phenyl-l,5-hexadiene or 
bldSr^btoeSuyr'" 1.4-pentadiene. 3.3.dimethyl-l,4-pentadiene, 25 

Tire monosubstituttd phosphine to be started from has the formula RPH2 in 
which R represents a hydrocarbyl group. A preferred group of primary phosphines 
consists of those in which R is a hydrocarbyl group of from 1 to 36 carbon atoids. 

30 and especia% preferred are those in which the hydrocarbyl group contains from 30 
4 to 30 carbon atoms. ^ o r " w 

The cycUzation reaction is carried out with the aid of a free radical-generatine 
cattlyst, such as an azonitrile, or a dialkyl or diacyl peroxide. The tirm "frel 
'^Zf*- catalyst" is also meant to include actinic radiation, particularly 

35 ultraviolet hght, and high-energy or ionizing radiation such as use of cobalt-60 a 
source of high-energy y or X rays. The azonitrile catalysts which may be employed 
m this reacuon are weU known in the art and include o, a'-azobisisobutyronitiile; 
ct a -azobis («-metiiyIbutyronitnle) or a'-azobis (^-methyl-isocapronitrile). Suit- 
I peroxide catalysts mclude the dialkyl peroxides such as di(tert-butyl) peroxides, 

40 and the diacyl peroxides such as butyryl, lauroyl, and benzoyl peroxides. The amount 
of cataly« which may be used may vary over a wide range from 0.1% by weight 
upward. From 0.5 to 5% by weight of catalyst, based on the weight of the moio- 
substituted phosphine reaaant, is ordinarily desirable. The dialkyl peroxides represent 
a prefmed class of catalysts owmg to their unusual stability during handling 

45 The two rcactants may be used in equimolecular amounts or in a slight molar 

excess of one reactant or the other. In a preferred mode of operation the reactants 
are used in equunolar quantities to maximize the cyclization. The reaction may be 
conducted m the presence of a non-reactive solvent medium such as aliphatic cyclic 
and acyclic saturated hydrocarbons, e.g. pentane, n-hexane, cyclohexane. petroleum 

50 ether or isooctane. It is sometimes desirable, for example, when the molecular 
weights of die reactants are low, to conduct die cyclization in die presence of one of 
the aforesaid solvents in orders to dilute the reactants, thereby maximizing cyclization 
and minimizmg polymerization. Such solvents also aid in dissipating the heat eener- 
ated ID dus exothemuc reaction. The mixture and its environment should b? free 

55 of substances capable of conwstmg die ten-phosphines to the corresponding phosphine 
oxides, such as oxygen and air. Hence, tht reaction should be conducted in an inert 
atmosphere such as under nitrogen or, when the reactants are sufficiently high- 
boiling, under vacuum. If desired, smaU amounts of oxidation inhibitors optionally 
may be used. ' 

60 The temperature at which the reaction should be conduaed will be govemed 

by the specific catalyst employed in diat a useful temperature is one at which die 
free radical-generating catalyst decomposes or furnishes free radicals at a moderately 
even rate diroughout the course of the reaction. For example, when the free radical- 
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generating ^^Vt is actinic radiation, panicularly ultraviolei^Ht, ambient room 
temperature^^Rfficient. When a'-azobisisobutyronitrile is m^Stalyst, a temper- 
ature of about 70®Q conveniently obtained by conducting the reaction in refluxing 
n-hexane, is sufficient. On the other hand, when the free radical-generating catalyst 

5 is a dialkyl peroxide, temperatures of 110 — 150^C will be desired in order to de- 

compose smoothly the peroxide. The cyclization may be carried out at any temper- 
ature short of the rapid decomposition point of any of the catalysts used. The lower 
temperature limit is that at which the condensation becomes impraaically slow. 
Temperatures from - 10^ to 200^C may be used, the preferred range being from 

10 15^C to 175^C. The reaction will usually be carried out at just above atmospheric 
pressure, although higher or lower pressures may be used, with due consideration given 
to the physical properties of the reactants, e.g. volatility and the like, as mentioned 
previously. 

Only one compound which contains a 7-membered, ring carbon-substituted, 

15 phosphorus^oniaining ring (i.e. 10,ll-dihydro-5H-5-phenyl-dibenzo[6,/]phosphepin 
or l-phenyl-l-phospha-2,3,6>7-dibenzo-2,6-cycloheptadiene) has been reported in the 
literature (F.G. /yiann et al, J. Chem. Soc., 1953, 1130), 

The novel heterocyclic tertiary-phosphines prepared as described hereinbefore, 
are . colourless liquids, and particularly tho^ containing less than 20 carbon atoms,. 

20 rather malodorous. The higher boiling ones, for example those containing more 

than 20 carbon atoms, have less odour and tend to crystalHze upon standing to yield 
waxy materials which melt in the range of about 40— 60*^0. They are also relatively 
stable to oxidation upon standing. 

A preferred method for the preparation of novel bicyclic heterocyclic secondary 

25 and tertiary phosphines consists in reacting certain phosphines with suitable cyclic 
diolefinic compounds in the presence of a free radical-generating catalyst and in 
the absence, of substantial amounts of oxygen. In a preferred one-step method, the 
aforesaid bicjrclic compounds are produced by reacting a cyclic hydrocarbon con- 
taining two ring non-COTjugated and non-homoconjugative double bonds with phos- 

30 phrne (PH,) or monosubstituted, i.e. primary, phosphine in the presence of a free 
radical-generating catalyst and in the absence of substantial, amounts of oxygen. The 
method is in particular suitable for the preparation of novel bicyclic heterocyclic 
tertiary phosphines. 

Recommended cyclic hydrocarbons are Cyclic dienes in which the double bonds 
35 not only are isolated, i.e. non-conjugated double bonds, but also are non-homo-, 
conjugative double bonds, i.e., non-conjugated systems which do not behave as con- 
jugated systems. A particular, useful class of cyclic hydrocarbons.is that represented 
by the formula 
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where y and z represent positive integers whose sum is from 2 to 3 and each of 
which has a minimum value of 1, and R may be either hydrogen or a lower alkyl 
group of from I to 4 carbon atoms such that not more than two alkyl groups arc 
present at the same time and that these alkyl groups are attached to different ring 
carbon atoms. Representative examples of these cyclic dienes include 1,5-cyclo- 
octadiene, 3,7-dimethyl-l,5-cyclooctadiene, 3,8-dimethyl-l,5-cyclooaadiene, 1,4-cyclo- 
heptadiene or 6-methyl-l,4'Cycloheptadiene, Preferred are 1,5-cyclooctadiene and 3,7- 
dimethyl-l,5-cyclooctadiene. Larger, ring compound starting reactants are not preferred 
because the cyclization reaaion operates most favourable when the bicyclic rings 
formed are 5-, 6-, and 7-membered rings. It is to be understood that cyclic con- 
jugated dienes and cyclic non-conjugated homoconjugative dienes are inoperable. 
Examples of such conjugated dienes include 1,3-cyclohexadicne, l,3^cloheptadiene, 
1,3-cyclooctadiene, and the like. Cyclic non-conjugated homoconjugative dienes in- 
clude 1,4-cyclohexadiene, bicycIo[2.2.1]hepta.2,5-diene (a bridged 1,4-cyclohexadienc), 
and the like. Such reagents do not yield the novel cyclization reacdon but react 
with one hydrogen atom of the primary phosphine reactant in a conventional 1,4- 
addition known to the prior art to yield a resulting secondary, i.e. disubstituted, 
phosphine. 

The phosphine to be used is either phosphine (PH,) itself, or a monosubstituted 
phosphine, i.e. primary organic phosphine, containing a hydrocarbyl group. Repre- 
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sentative hydrocarbyl groups have been mentioned before and contain preferably 
from 1 to 36 carbon atcnns, and in particular from 4 to 30 carbon atoms. 

The cyciization reaction may suitably be carried out in the same way as herein- 
before described for the preparation of 6- and 7-membered heterocyclic tecriary 

5 phosphines. 5 

An alternative method by which the novel bicyclic heterocyclic tertiary-phosphines 
can be produced is a two-step process. In the first step, the hereinabove described 
cyclic dienes in the presence of a free radical-generating catalyst and in the absence 
of substantial amounts of oxygen undergo the cyclizatiSh process with phosphine 

10 (PH3) to produce the aforesaid novel bicyclic heterocyclic secondary-phosphine. 10 
Optionally without further isolation, the secondary-phosphine as reacted in the presence 
of a free radical-generating catalyst with a cyclic or non-cyclic compound containing 
at least one ethylenically unsaturated linkage, e.g. a (cyclic) olefin or diolefin, to 
produce the tertiary-phosphine. For example, phosphine (PHj) and 1,5-cyclooctadiene 

15 can be cyclized to give the corresponding bicyclic secondary-phosphine; then cyclo- 15 
octene or cyclododecene or even additional cyclooctadiene may be added as the ethyl- 
enically unsaturated reagent to yield in the second step a cyclic-substituted bicyclic 
teniary phosphine. Phosphine (PH3) made by various methods, for example that made 
by chemical or electrochemical methods, and in different degrees of purity may be 

20 utilized in this alternative method. Such a reaction sequence as described hereinabove 20 

lends itself well to commercial processing and is economically feasible and attractive. 
An additional advantage is the elimination of difficult preparations of monosubstituted 
(primary) phosphines, particularly in the case of longKrhain alkylphosphines such as 
eicosylpho^hine. 

25 It will be apparent from the preceding discussion that a variety of substituted 25 

and unsubstituted monophosphabicycloalkanes may be produced. In the nomenclature 
of such compounds, as well as the reactants employed for the produaion thereof, 
conventional numbering of the ring systems has been employed, as further illustrated 
by the following formulas: 





30 A ? U / 30 

Typical produas numbered according to this system include 9 - phosphabicyclonon- 
anes in which the smallest P - containing ring contains at least 5 atoms; e.g. 
9 - phosphabicyclo[4.2.1]nonane; 9 - pho^habicyclo[3.3.1]nonane; 9 - hydrocarbyl- 
9 - phosphabicyclononanes in which the smallest P - containing ring contains at 

35 least 5 atoms; e.g. 9 - hydrocarbyl - 9 - phosphabicyclo[4.2.1]nonane; 9 - aryl - 35 
9 - phosphabicyclo[4.2.1Jnonanes such as 9 - phenyl - 9 - phosphabicyclo [4.2.1]- 
nonanc; (di)alkyl - 9 « aryl - 9 - phosphabicyclo [4.2. l]nonanes such as 3,7 - 
dimethyl - 9 - phenyl - 9 - phosphabicyclo[4.2.1]nonane and 3,8 - dimethyl - 9 - 
phenyl . 9 - phosphabicyclo [4.2. l]nonane; 9 - alkyl - 9 - phosphabicyclo[ 4.2.1]- 

40 nonanes; such as 9 - octadecyl - 9 - phosphabicyclo [4.2. l]nonane, 9 - hexyl-9- 40 
phosphabicyclo [4.2. l]nonane,9 - eicosyl - 9 - phosphabicyclo[4.2.1]nonane, and 9- 
triacontyl - 9 - phosphabicyclo [4.2. IJnonane; 9 - cycloalkyl - 9 - phosphabicyclo- 
[4.2.1] nonanes; such as 9 - cyclohexy - 9 - phosphabicyclo [4.2. IJnonane; 9- 
hydrocarbyl - 9 - phosphabicyclo [3.3.1] nonanes; 9 - aryl - 9 - phosphabicyclo- 

45 [3.3.1]:nonanes, such as 9 - phenyl - 9 - phosphabicyclo [3. 3. IJnonane; 9 - alkyl- 45 

9 - phosphabicyclo[3.3.1]nonanes, such as 9 - hexyl - 9 - phosphabicyclo (3.3.1 ]- 
nonane and 9 - eicosyl - 9 - phosphabicyclo [3.3. Ijnonane; (di)allq^l - 9 - aryl - 9- 
phosphabicyclo [3.3.1] nonanes such as 3,7 - dimethyl - 9 - phenyl - 9 - phospha- 
bicyclo [3 .3.1] nonane and 3,8 - dimethyl - 9 - phenyl - 9 - phosphabicyclo[3,3.1]- 

50 nonane; 9 - cycloalkyl - 9 - phosphabicyclo [3. 3.1] nonanes, such as 9 - cyclohexyl- 50 
9 - phosphabicyclo[3.3. IJnonane; 8 - phosphabicyclo [3.2.1] octane; 8 - hydrocarbyl - 
8 - phosphabicyclo[3.2.1]oaanes; 8 - aryl - 8 - phosphabicyclo [3.2.1 J octanes such 
as 8 - phenyl - 8 - phosphabicyclo [3.2.1] octane; alkyl - 8 - aryl - 8 - phospha- 
bicyclo [3.2.1] octanes such as 6 - methyl - 8 - phenyl - 8 - phosphabicyclo [3.2.1 J - 

55 octane; 8 - alkyi - 8 - phosphabicyclo [ 3.2. IJoaanes such as 8 - butyl - 8 - phospha- 55 
bicyclo(3.2.1Joctane, 8 - eicosyl - 8 - phosphabicyclo [3.2.1 J octane, 8 - triacontyl- 
8 - phosphabicyclo[3.2.1]octane, and 8 - octadecyl - 8 - phosphabicyclo [3. 2.1 J ortane. 
It is to be understood that the suitable novel catalysts being novel complexes 
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between coi^Ptarbon monoxide, and phosphine iigand may be n^omeiic in structure 
or may be composed of several monomeric units. Thus, the novel complex may be 
present as a dimer. A particularly preferred catalyst comprises cobalt-tricarbonyl-9- 
phenyl-9-phosphabicyclo[4.2.1]-nonane, belived to be dimeric 



and a mixture thereof with 




1 ^ 

The novel catalysts can be prepared by a diversity of methods. A convenient 
method is to combine a cobalt salt, organic or inorganic, with the deared phosphine * \- . 
Iigand in liquid phase. Suitable cobalt salts comprise, for example, cobalt carboxylates 
such as acetates and octanoates, as well as cobalt salts of mineral acids such as 
10 chlorides, fluorides, sulphates and sulphonates. Also recommended are mixtures of 10 
I ^ these cobalt salts. It is preferred, however, that when mixtures are used, at least 

I one con:q)onent of the mixture be a cobalt alkanoate of 6 to 12 carbon atoms. The 

j valence state of the cobalt may then be reduced and the cobalt-containing complex 

I formed by heating the solution in an atmosphere of hydrogen and carbon monoxide. 

! 15 The reduction may suitably be performed prior to the use of the catalysis or it may 15 

be accomplished simultaneously with the hydrofoimylation process in the hydrofonnyl- 
ation zone. According to another suitable embodiment the novel catalysts are pre- 
pared from a carbon monoxide complex of cobalt. For example, it is possible to start 
with di-cobalt octacarbonyl and, by heating this substance with a suitable phosphine 
^ 20 Iigand of one of the classes previously described, to replace one or more of the carbon 20 

i monoxide nalecules, thus producing the desired catalyst. When this latter method is 

I executed in a hydrocarbon solvent, the complex may be precipitated in crystalline 

; ^ form by cooling the hot hydrocarbon solution. X-ray analyses of the isolated crystalline 

solid show the crystalline form of the complex to be a dimer with a linear 
j 25 P — Co — Co — group in the molecule. This method is very convenient for regulating 25 

I the number of carbon monoxide molecules and phosphine Iigand molecules in the 

catalyst. Thus, by increasing the proportion of phosphine Iigand added to the dicobalt 
octacarbonyl, more of the carbon monoxide molecules are replaced. 

In accordance with the invention, olefinic compounds are hydroformylated to 
^ » 30 reaction products predorninating in primary alcohols by intimately coutaaing the 30 

I olefinic compound in liquid phase with carbon monoxide and hydrogen in the presence 

of the above-defined catalysts. 

,A particular advantage of the process of the invention resides in the catalyst's 
stability and its high activity for long periods of time at very low pressures. Con- 
35 sequently, hydrofonnylation in accordance with the present invention may be carried 35 
out at pressures well below 68 atmospheres to as low as 1 atmosphere or less. Under 
comparable conditions, known catalysts such as dicobalt octacarbonyl, often decompose 
and become inactive. The invention is, however, not limited in its applicability to 
the lower pressures and pressures in the broad range from atmospheric up to 136 
40 atmospheres and higher, e.g. up to 340 atmospheres, may be employed. The specific 40 
pressure preferably used will be governed to some extent by the specific charge 
catalyst employed, as well as equipment requirements. In general, pressures in 
the range of from 20.4 to 102 atmospheres and particularly in the range of from 
27.2 to 81.6 atmospheres are preferred. The unique stability of the catalysts of the 
45 present invention at the lower pressures makes the use of pressures below 102 atmos- 45 
pheres particularly advantageous. 

Temperatures employed will generally range between 100*^C and 300°C and 
preferably between 125°C and 210<^C, a temperature between 150^C and 200^'C 
bemg generally satisfactory. Somewhat higher or lower temperatures may, however, 
50 be used. 50 
. ^ TTie ratio of catalyst to the olefinic compound to be hydroformylated is generally 

not critical and may vary widely. It may be varied to achieve a substantially homo- 
geneous reaction mixture. Solvents are therefore not required. However, the use of 
' solvents which are inert, or which do not interfere 10 any substantial degree with. 

55 the desired hydroformylation reaction under the conditions employed, may be used. 55 
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Saturated liquid hydrocarbons, for example, may be used as solvent in the process, 
as well as alcohols, ethers, acetonitrile and sulfolanc. Molar ratios of catalyst to 
olefinic compound in the reaction zone at any given instant between 1 : 1000 and 
10 : 1 are found to be satisfactory; higher or lower catalyst to olefinic compound 
ratio may, however, be used, but in general it will be less than 1:1. 

The ratio of hydrogen to carbon monoxide charged may vary , widely as well. 
In general, a mole ratio of hydrogen to carbon monoxide of at least 1 : 1 is employed. 
Suitable ratios of hydrogen to carbon monoxide comprise those within the range* 
from 1 : 1 to 10 : 1. -Higher or lower ratios may, however, be employed. The ratio 
ot hydrogen to carbon monoxide employed will be governed to some extent by the 
nature of the reaction product desired. If conditions are scleaed that will result primar- 
ily in m aldehyde product, only one mole of hydrogen per mole of carbon monoxide 
enters into reaction with the olefinic compound. When the primary alcohol is the 
preferred product as in the present invention, two moles of hydrogen and one mole 
15 of carbon monoxide react with each mole of olefinic compound. The use of ratios 15 
of hydrogen to carbon monoxide which are somewhat higher than those defined by 
these stoichiometrical values are generally preferred. 

A signal advantage of the present invention as indicated above and further 
evidence by tlie following examples is the ability to efifea the direct, single-stage 
20 hydroformylation of the olefinic compounds to a reaction mixture wherein primary 20 
alcohols predominate over the aldehydes and by-produa saturated hydrocarbons. 
The alcohols obtained from the starting olefins are furthermore generally primarily 
the straight chain or normal isOTiers. By selection of reaction conditions within the 
above-defined range, it is now possible to obtain a predominant portion of the product 
25 m the form of the normal or straight-chain compound rather than as its various 25 
branch-chain isomers. Generally, the alcohol is the desired end product and the 
catalysts defined herein will produce this product under a relatively wide range of 
conditions. However, by varying the operating conditions widiin the range described 
herein, the ratio of aldehyde to alcohol produa may be varied somewhat. Adjustment 
30 of these variables also permits some control over the particuar isomer that will be ^ 
produced. 

The process of this invention is generally applicable to the hydroformylation of 
any aliphatic or cycloaliphatic compound having at least one aliphatic carbon-to- 
carbon unsaturation, especially an ethylenic carbon-to-carbon bond. Thus, it is applied 

35 to the hydrofOTmylation of olefins having, for example, from 2 to 19 carbon atoms 35 
to yield reaction mixtures predominating in aliphatic aldehydes and alkanols having 
one or more carbon atom than the starting olefin. The invention is used to advantage 
m the hydroformylation of carbon-to-carbon ethylenically unsaturated linkages in 
hydrocarbons. Monoolefins such as ethylene, propylene, butylene, cyclohexene 1- 

40 octene, dodecene, 1-octadecene and dihydronaphthalene are a few examples of suitable 46 
hydrocarbons. Suitable hydrocarbons include both branched- and straight-chain, as 
well as cyclic, compounds having one or more of these ethylenic or olefinic sites. 
These sites may be conjugated, as in 1,3 -butadiene, or non-conjugated, as in 1^- 
hexadiene and 1,5-bicyclo [2,2,1 Jheptadiene. In the case of polyolefins, it is possible 

45 to hydroformylate only one of the olefinic sites or several or all of these sites. The 45 
unsaturated carbon-to-carbon olefinic linkages may be between tenninal and their 
adjacent carbon atoms, as m 1-pentene, or between internal chain carbon atoms, as 
in 4-octene. * 

v^J*^^"^'^ hydrocarbon fractions, such as, for example, polymeric olefinic fractions, 
50 "^^^^^ ""^"^ containing substantial proportions of internal 50 

olefins are readily hydroformylated to fraaions of hydrofor^iylated products com- 
prising mucnires of terminal aldehydes and alcohols having one more carbon atom 
than the olefins in the charge and wherein these primary alcohols are the predominant 
« Sh " ' f'^'n T^^n <^onsisiing of olefinic hydrocarb^ fractions 

55 example, Q C. C Q3 and higher olefinic fractions as well as olefinic 55 

SfctS frSo'S '"""^ ^ 

The process and novel catalysts according to the invention may also be used to 
hydroformylate ethylemc carbon-to-carbon linkages of non-hydrocarbons Thus, it is 
possible to hydijofonnylatc olefinically unsaturated alcohols, aldehydes, and adds to 
correspondmg alcohols, aWehydes, and acids containing aldehyde or Rdroxy ^ 
Sncf previously involved in the olefinic bond of the 

starting material; unsaturated aldehydes yield principally diols. The following are a 
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few specific examples of different types of olefinic compounds that may be hydro- 
formylated in accordance with the invention and the products obtained thereby 

catalyst 

CH3(CH2)3CH = CHa + CO + Ha > CH»(CH2)5CHO and/or 

1-hexene A 1-heptanal 

CH5{CH2)5CH20H + isomeric products 

l-hq)tanol 5 

catalyst 

CH, = CHa + CX) + Ha ClCHaCHjCHaOH and/or 

A 3-chloropropanol 

aCHaCHaCHO + isomeric produas 

3^<dilbropropanar " *^ 

catalyst 

CH,COOCH, = CH, + CO + H2 > CHsCOOCHaCHaCftCHO 

allyl acetate A y-acetoxybutyraidehyde 

and/or CHsCOOCHzCHoCHaCHsOH + isomeric products 1 
^acetoxybutanol 




and/or I i 



CHO 



catalyst j 

CaH^OCOCH = CHCOOQHs + CO + Ha > CzH^OCOCHCHiCOOCaHs 

A diethyl cr-formylsuccinate 

CHaOH 
I 

and/or CaH^OCOCHCHaCOOCaH^ 
diethyl lo-methylolsuccinate 



and/or \^^^?^^^^<=^OH + isomeric products 



The olefinic charge may comprise two or more of the above-defined suitable olefins. 
Olefinic hydrocarbon fraaions are hydroformylated under the conditions above- 
defined to mixtures of aldehydes and alcohols in which the alcohols predominate. 

The reaction mixtures obtained may be subjected to suitable catalyst and 
product separating operations comprising one or more such steps, for example, as 
stratification, solvent extraction, distillation, fractionation, adsorption, etc. Catalysts, 
or components thereof, as well as unconverted charge, may be recycled in part or 
entirely to the reaction zone. 

Examples I — VI 

In Table I some reaction conditions and results are tabulated concerning the 
preparation of 6- and 7-membered heterocyclic phosphines. 
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Example VII 

A 1 -litre Morton flask fitted with stirrer, condenser, thermometer, and dropping 
funnel was charged with 225 g (0.81 mole) of eicosylphosphine and 90 g (0.82 
mole) of bimethallyl. The flask was previously purged with nitrogen and a nitrogen 
5 blanket was maintained. The reactants were heated to 135° by means of an oil bath. 5 
A sample was removed and its infrared spectrum recorded. A solution of 6 g (0.041 
mole) of di(tert-butyl) peroxide in 25 ml of n-decane was added dropwise over a 
period of 45 minutes,' tfie temperature beiiig maintained at 135 — 145^C. Initially 
the reacti(m was exothermic and the temperature was controlled by temporarily 
10 lowering the oil bath. After the addition of peroxide was completed, the mixture IQ 
was held at 150'=*C for 1-3/4 hours and a sample was then withdrawn. The infrared 
spectrum showed that the olefinic bands originally present at 6.1 and 5.65/i had 
disappeared although — PH absorption at 4.45/i was still quite pronounced. Heating 
at 150^C for one additional hour did not result in significant change in — PH 
15 absorption. The reaction mixture was then distilled to give 26 g of unreacted eico- 15 
sylphosphine, b.p. 161—170^0 at 0.5 mm, and 249.5 g of l-eicosyl-3,6-dimethyl- 
phosphcpane, b.p. 226— 236^0 at 0.3—0.5 mm. The l-eicosyl-3,6.dimethylphos- 
phepane crystallized, melting at 47-^8oC, and vras further identified by elemental 
anal3^is. 
20 Analysis 

Calculated for Ca^H^P: C 79.2; H 13.5; P 7.3; 
Basicity: 0.24 eq/100 g. 

Found : C 79.7; H 13.8; P 73; 



25 



Basicity: 0.22 eq/100 g. 

25 Example VIII 

A 500 ml reactor flask fitted with stirrer, thermometer, reflux condenser, dropping 
funnel and nitrogen inlet was charged with 81 grams (0.75 mole) of redistilled 1,5- 
cyclooctadiene and 83 grams (0.75 mole) of phenylphosphine. A nitrogen blanket 
was mamtamed at all times. A sample was then removed and its infrared spectrum 

30 recorded. The temperature of the reaction mixture was raised to 135^C by means of 30 
an oil bath, and a solution of 2.8 grams (6.019 mole of di(tert-butyl)peroxide in 
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Analysis of the product 


not analysed 


\^ ^ ^ 




Conditions applied in 
the product isolation 


solvent stripped | 
vacuum distillation at 1 . 5 mm 
b.p, 120-130X. 
still bottoms 3.7 gr. 


distillation at 0.2 nmi 
! b.p. 88— 92X. 
! 2.0 gr unknown fraction b.p. 

195— 215X. at 0.2 mm. 10.4 
gr. still residue 

distillation at 0.9 nun 
1 b.p. 223-225X. 
still residue 11.3 gr. 
5.2 gr. imreacted octadecyl- 
nhosnhine b D 125 — 135 
at 0.9 mm 




Yield 


»n ^ 


4.8 gr. 

(35%) 
20 gr. 






Product 


3,6-di- 

methyl- 

1-phenyl- 

phos- 

pheoane 


1-phenyl- 

phosphe- 
pane 

3,6-di- 

methyH- 

octadecyl 

phos- 

phepane 




|| Conversion 


r- 
in 


o 


. Further experi- 
1 meatal data 


48-reflux under 
Na blanket after 
24 h second half 
of azobisiso- 
butyro nitrile 
was added. 


pyrex glass 
polymerization 
bottle. 11 days 
in sunlight 

stirred and 
irradiated for 
7 days at 20 X. 
with mercury 
lamp in water 
cooled quartz 
thimble 


Solvent 
etc. 


n- 

hexane 
150 ml 
azobis 
isobutyro- 
nitrile- 
1.64 gr 


pentane 
55 ml 

de- 
gassed 
hexane 
150 ml. 




Starting 
materials 


Phenyl- 
phosphine 
llgr(0.1 
mole) 

bimethallyl 
11 gr. (0.1 
mole) 


Phenyl- 

phosphine 

11 gr. (0.1 

mole) 

biallyl 

8gr (0.1 

mole) 

Oaadecyl- 

phosphine 

29 gr. (0.1 

mole) 

bimethallyl 

llgr.(0,l 

mole) 
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10 ml of i^^Rne added at such a rate as to maintain the tem^nure at 135 — 145**C 
The exothermic reaction was controlled by lowenng the oil bath as necessary; the 
addition required 50 minutes. The mixture was then held at 150*^0 for one hour. 
Another portion of di(tert-butyl)peroxide, equal to that above, was then added rapidly 

5 and the mhcture held at 150®C for one additional hour. The infrared spectrum 5 

indicated that olefinic bands at 6.1 and 4.4/i had disappeared. The reaction mixture 
was then diaiUed through a 6-inch Vigreux column to give 138 grams (84%) of a 
mixture of 9-phenyl-9-phosphabicyclo[4.2.1]nonane and 9-phenyl-9-phosphabicyclo- 
[33.1]nonane, b.p. 134 — 135^C at 0.3 mm. Still residue amounted to 15.3 grams. 

10 Analysis : Calculated for Q^Ha^P: Basicity 0.46 eq/ 100 g. 10 
Found: Basicity 0.43 eq/100 g. 
Gas chromatographic analysis (6-ft silicone rubber column, 225 ^C) demonstrated 
the presence of two closely eluted isomers in the ratio of 1.99:1, On standing for 
several days at ambient temperature this material partially crystallized. The crystals 

15 were separated from the mother liquor by filtration in an atmosphere of nitrogen. 15 
Two sublimations (at 0.5 mm) from an oil bath at 70°C afforded analytically pure 
9-phenyl 9-phosphabicyclo[3.3.1]nonahe, m.p. 85.5— 86.5°C, the isomer eluting later ' 
m the gas chromatographic analysis. 

Anciysis: Calculate for: Q^Hi^P: C 77.0; H 8.8; P 14.2; 
20 Found: C 76.9; H 8.9; P 14.5. 20 



• tv.^y XX o.:7, r It. J. 

Gas chromatographic analysis of the mother liquor showed that the ratio of 
earlier, i.e. 9-phenyl-9-phoq)habicyclo[4.2.1]nonane, to later eluting isomer had in- 
creased to 3.66: 1. The struaural assignment of the isomers is based on mass spectral 
data. 

Examples IX — XI 

The preparation of bicyclic heterocyclic phosphines is further illustrated by the 
experiments, results of which are collected in Table II. 



SDCX:iD: <GB 1 109787A_I_> 



14" l»i09,787 



Analysis of the product 


Shown by gas chromatography 
that ratio [4.2 . llnonane to 
[3.3.1]nonane was 1.91:1 via 
ethiodide m.p. 277-278 X.(dec) 
Calcfor CleH^^PI:C51.4; 
H 6.5; P. 8.3; 133.9 
Found: C 51.5; H 6.5; P 8.5; 

134.0 


not analysed 


oo 

Cj ^ Q 1 

*M or* 1 

OS 1 


Conditions applied in 
the product iso.ation 


solvent removed 
distillation through 
6" Vigreuxb.p. 123-127 X. 
still residue 2.4 gr. 


distillation through 

6^^ Vigreuxb.p. 126— 132X. 

at 0.3— 0.4 mm 

still residue 2.0 gr. 


excess hexene stripped off 

distillation through 

6' Vigreux b.p. 122— 125''C. 

at 0.5 mm 

still residue 5.9 gr. 


Yield 


31.4 gr. 
(94%) 


CO in 

si ^ 


30 gr. 
(69%) 


Product 


9-phenyl- 
9-phospha- 
bicyclo- 
nonanes 


9-phenyl- 
9-phospha- 
bicyclo- 
nonanes 


9-hexyl-9- 
phospha- 
biqrdo 
[4.2.1] 

and 9- 

hexyl-9- 

phospha- 

bicyclo- 

[3.3.1] 

nonane 


Conversion 








Further experi- 
mental data 


8 days irradiated 
with mercury lamp 
at two inches 
(glass envelope 
removed) 


64 h irradiated 
with -radiation 
from Co^^ source 
at ambient temp. | 
dose 1 mrad/hr. 


29 hr heated 
under reflux 
in Nj atmos- 
phere 


Solvent 
etc. 


deaera- 
ted 

hexane 
150 ml 


de- 
gassed 
hexane 
150 ml 


azobis 

iso- 

butyro 

1.65 gr. 

(0.01 

mole) 


Starting 
materials 


Phenyl- 
phosphine 
22 gr.(0.2 
mole) 
1,5-cyclo- 
octadiene 
22 gr. (0.2 
mole) 


Phenyl- 
phosphine 
22 gr.(0.2 
mole) 
1,5-cyclo- 
octadiene 
22 gr. (0.2 
mole) 


9-phospha- 
bicydo- 
nonanes 
27.4 gr. 
(0.19 mole) 
1-hexene 
84 gr. 
(1.0 mole) 
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_ Example XII 

A 500 ml Morton flask fitted with stirrer, thermometer, condenser and dropping 
funnel was purged with nitrogen and charged with 157 grams (0.5 mole) of eicosyl- 
phosphine and 54 grams (0.5 mole) of redistilled 1,5-cyclooctadiene. A nitrogen 
5 blanket was maintained and the reactants brought to 135^C by immersion in an oil 5 

bath. A sample was removed and its infrared spectrum recorded. Then a solution of 
4 grams (0.025 mole) of di(ten-butyl) peroxide in 15 ml of n-decane was added 
dropwise over a period of one hour. The reaction was exothermic and the temperature 
was maintained at 135 — 145^C by temporarily lowering the oil bath. After addition 
10 of the catalyst, the mixture was heated for one hour at 150°C. The olefinic band 10 
at 6.05/1 had then disappeared. Heating for one additional hour had no effect on 
residual P — absorbancc. Claisen distillation of the reaction mixture using steam 
m the condenser jacket gave 20 grams of unreaaed eicosylphosphine, b.p. 164 — ^210®C 
at 0.8 mm, and 155 grams of a mixture of 9-eicosyl-9-phosphabicydo [4.2,1 ]nonane 
15 and 9-eicosyl-9-phosphabicyclo[3.3.1]nonane, b.p. 230— 238<^C at 0.3 mm (m.p. 15 
38 — ^39**C). The pot residue weighed 22 grams, representing 87yo conversion of 
reaaants to desired produa in 84yo"yield. * ' ' 

Analysis: Calculated for CaJIa^P: C 79.6; H 13.1; P 7.3; 
Basicity 0.24 eq/100 g. 

20 Found: C 79.8; H 13.2; P 7.3; 20 

Basicity 0.23 eq/100 g. 

Example XIII 

A mixture of 162 grams (1.5 moles) of redistilled 1,5-cyclooctadiene, 100 ml 
of deaerated pentane, and 12,3 grams (0.075 mole) of azobisisobutyronitrile was 

25 charged to a 700 ml pressure vessel. The vessel was closed, cooled to - SO'^C in a dry- 25 
ice bath and evacuated. Nitrogen was bled in and the process repeated twice more 
m order to remove oxygen. 52 grams (1.5 moles) of phosphine were then charged 
to the evacuated vessel by means of a weighed transfer bomb. The vessel was then 
gently heated to 75^C, at which temperature the pressure was 275 pag. After 20 

30 nunutes at 75°C, exothermic increase to 85^0 occurred accompanied by a pressure 30 
drop. One hour after the initial reaction had commenced, the pressure remained 
steady at 115 psig. Heating at 75^0 was continued for a total of 12 hours The vessel 
was agam quenched m dry ice, evacuated, and nitrogen bled in. The contents were 
then transfenred under a blanket of nitrogen to a distillation flask, the vessel being 

35 nnsea with degassed pentane. The solvent was removed by distaiation under nitrogen, 35 
the kettie temperature being taken to 90°C. The crude product weighed 211 grams 
Sublunation from an oil bath at lOO^C and 0.3 mm gave 120 grams (577) of a 
°^ 9-phosphabicyclo[4.2.1]nonane and 9-phosphabicyclo[3.3.1]nonane, m.p. 

40 Analysis: Calculated for C,H,^P: C 67.6; H 10.6; P 21.8; 40 
Found: C 66.9; H 10.8; P 21.2. 

Gas chroniatographic analysis of this product demonstrated the presence of two 
closely eluted isomers, 9-phosphabicyclo[4.2.1]nonane and 9-phosphabicyclof3.3.11. 
nonane, in the ratio of 0.55 : 1. f f j i j 

45 Example XIV 

Cobalt catalysts containing cobalt in complex combination with carbon monoxide 
and the below-mdicated tertiary phosphine ligands were utilized with 1-dodecene as 
olefin. The catalysts were prepared in situ, in the equipment to be described, from 
cobalt octanoate. ^ 

5^ TTie- reactor-was a 300' mf stainless steel' magnetically stirred autoclave operated 50 
a: 1250 rpm and connected to a source of a premixed hydrogen-carbon monoxide gas 
delivered at any desired constant pressure. The components forming the catalyst (e.g. 
tertiary phosphme and cobalt octanoate) and the olefin, 1-dodecene, were charged 
-1 n^?"°F> ™ reactor was closed, evacuated, and pressured with H.— CO gas 
55 until all foreign gases were displaced. The reactor was then heated under sufficient 55 
ir^A • f?^^""^^ ^^^^ ^"^^ pressure at reaction temperature was about 
ITOO psig. After the temperature was equilibrated, the pressure reduction was recorded 
^ 1 he reaaion conditions and results are tabulated in Table III 



45 



60 



Example XV below, utihzmg the commercially available tri-n-butylphosphine 
as the phosphorus hgand, was taken as a comparative control. A comparison between 
Example XV and Examples XVI-XXIII shows that the quantity of undesirable 



60 
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b< «J C *J ♦-• 

*^ o c "^,2 

cd OS c ^ 

•rt ti en • 



a 

3 




O 



I 

t 

s 

>. 
X 



CO C3 «3 ^ (J JS 



Con- 
version 
to 

primary 
alkanois 


78.2 
88.8 

90.1 
87.5 

91.2 

89.1 

84.8 

87.1 

87.3 


Con- 
version 
to 

saturated 
hvdro- 
carbon, 


20.4 
10.7 

8.4 
8.9' 

7.4 

10.3 

13.2 

11.5 

10.9 


Con- 
version 
of 1- 
dodecene. 


99.1 
100 

99.0 
98.9 

99.2 

100 

98.4 

99.2 

98.3 


Time re- 
quired 
for 50% 

con- 
version 

min. 


\a rr, Tj< 00 js 00 05 g; 55 

CS <N CS <M c*> 01 


Pres- 
sure, 
atm. 


00 00 00 ^ 00 .— . ^ 00 ^ 

Co Co vooo vo oe 00 00 


1 

cd 

6 §° 
H 


198-202 
198.5-202.5 

200 5 203 

200 

200 

198-200 

198—202 

198-200 

198-200 




oJes oioi cJ oJ ci <n 


Phos- 

cobalt 
mole 
ratio 


CSl fO-^ CN| TJ« CM 


Cobalt 
wt.% 


C^OI CSCN* CM C>J <NJ C«l CM 

00 00 0 0 0 0 0 


Phosphine ligand 


§ 

8 •§. -g. |8 If i„ it -rg 
s .§1 s i-a ii g^g 1^ %g 

c« 1 s^s 8 j3f :t« "91 
•i ^ a§ »g ctJ 92 4s 


Example 


XV 

XVI 

XVII 

XVIII 
XIX 

XX 

XXI 

XXII 

XXIII 

1 
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Example XXIV (for comparison only) 
1-Dodecene was hydroformyiated in the manner described in the previous examples 
by nacrion with carbon monoxide and hydrogen in a H^/CO mole f i 
198— 203°C, a pressure of 68 atmospheres, with a contact time of 30 hours m me 
presence of a catalyst consisting of triphenylphosphine-cobak-carbonyl. Thc« 
obtained a conversion of 98.8% of the olefin with a selectivity to Q, alcohok of 
86.1%. Of the Cx, alcohols obtained, 52% was the hnear, straight^m n-tridecanol, 
the remainder brancfaed-cbain alcohols. 



Example XXV 



Similarly l-dodecene was hydroformyiated by reaction with carbon monoxide ana 
hydrogen in i H./CO mole ratio of 2: 1, at 198-201OC. a pressure of 68 atmospJer« 
with a contact time of three hours in the presence of a novel catalyst CMmsting of 
1-phenylphosphorinane-cobalt-carbonyl. There was obtained a conversion of the oletm 
of 99.6%, with a selectivity to Q. alcohols of 86.9%. Of die C« alcohok ob»"«d, 
77% WM the linear, straight-chain n-tridecanol, the remainder branchedrcham alcohols. 

. . Example XXVI 
Similarly, l-dodecene was hydroformyiated by reaction with carbon monoxide 
and hydrogen in a H,/CO mole ratio of 2: 1, at 200°C, a pressure of 81.6 atmw- 
phere4 with a contact time of five hours in the presence of a novel catalyst consisting 
of 1-eicosyl-phosphorinane-cobalt-carbonyL There was obtained » conversion of tfie 
olefin of 99.4%, with a selectivity to alcohols of 83.3%. Of the C« alcoho^^ 
obtained, 80% was the linear straight-chain n-tridecanol, the remamder branched- 

'**\i^°itn from the foregoing results that with triphenylphosphine as the phofPhoriB 
ligand of the catalyst the predominance of the highly desirable hnear sttaight-cham 
or normal alcohol over the branchcd-chain isomers is not so great as Aenovrt 
catalyst in which the phosphorus ligands are the tertiary six-membered heterocycuc 
phosphines of the invention. 

Examples XXVII— XXXI 
In Table IV experimental results and reaction conditions are collected lUustratmg 
the hydroformylation of l-dodecene with 7-membered heterocyclic phosphine contain- 
ing catalysts. 
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Conversion to 


primary 
alkanols. 




86.0 

82.6 

80.7 

86.2 
81.7 


saturated 
hydro- 
carbon, 

% 


13.1 

15.0 

15.7 

12.7 
16.6 


Con- ' 
version 
of 1- 


> 

i ^ 

I 


100 

97.8 

97.8 

100 
93.4 


Time re- 
quired 
for 50% 

con- 
version, 

min, 


^ ^ 


Pres- 
sure, 
atm. 


81.6 

81.6 

81.6 

81.6 
81.6 


Temper- 


ai . 


198-200 

198—200 

198-200 

200 
198-200 

1 ' i 


mole 
ratio 


ci ci cJ 


Phos- 
phine co- 
balt mole 
ratio 


CM <M — « CM CN 


Cobalt 
wt.% 


CM <>« C« C< CM 
o o O O O 


Phosphine ligand 


1-Phenylphosphepane 

3,6-Dimethyl-l-(l-methyl- 
hepta-decyl)phosphepane 

l-Eicosyl-3,6-dimethyl- 
phosphepane 

3,6-Dimethyl-l-phenyl- 
phosphepane 

3,6-Dimethyl- 1-octadecyl- 
phosphepane 


Example 
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Example XXXII 

1-dodecene was hydroformylated by reaction with carbon monoxide and hydrogen 
in a H2/CO mole ratio of 2:1, at 200°C, a pressure of 81.6 atmosphere^ witJ^ a 
contact time of three hours in the presence of a novel catalyst consisting of 3,6-dunetliyl- 
l-phenylphosphepane-cobalt-K:arbonyl. There was obtained a conversion of the olefin 
of 100%, with a selectivity to Q, alcohols of 86.2%. Of the alcohols obtained, 
74.4% was the linear, straight-chain n-tridccanol, the remainder branched-cham 
alcohols. 

Example XXXIII 

Similarly, 1-dodecene was hydroformylated by reaction with carbon monoxide 
and hydrogen in a H2/CO mole ratio of 2: 1, at 198— 200'^C, a pressure of 81.6 
atmospheres, with a contacting time of three hours in the presence of a novel catalyst 
consisting of 3,6-dimethyl-l-octadccyl-phosphepane-cobalt-carbonyL There was obuin- 
ed a conversion of the olefin of 98.4% with a selectivity to Qs alcohols of 81.7 /o. 
Of the Ci3 alcohols obtained, 82% was the linear straight-chain n-tridccanol, the 
remainder:, branched-chain. alcohols. 

Example XXXIV 

In a similar way an experiment was carried out, using a bicyclic heterocyclic 
phosphine containing catalyst. Results of this experiment as well as reaction conditions 
are given below: 

Mixture of 9-phenyl-9- 
phosphabicydo[4.2. ijnonane 
and 9-phenyl-9-phosphabicyclo 
Phosphine Ligand [3.3.1]noiiane 



Cobalt, % wt. 


0.2 


Phosphine/Cobalt mole ratio 


2 


Ha/CO mole ratio 


2.1 


Temperature, 


198—200 


Pressure, atm. 


81.6 


Time required for 99% conversion, hr. 


1.5 


Conversion of 1-dodecene, % 


100 


Conversion to saturated hydrocarbon, % 


11.8 


Conversion to primary alkanols, % 


87.6 



Example XXXV 

Similarly to the experiment described in Example XXXIV 1-dodecene was hydro- 
formylated by reaction with carbon monoxide and hydrogen in a H2/CO mole ratio 
of 2: 1, at 183°C, a pressure of 68 atmospheres, with a contact time of 6 hours in the 
presence of a novel catalyst consisting of a mixture of 9-eicosyl-9-phosphabicyclo- 
[4.2.1]nonane-cobalt-carbonyl and 9-eicosyI-9-phosphabicycl6[ 3.3.1 Ihonane-cobalt- 
carbonyl at a phosphine/cobalt mole ratio of 1.5: 1. There was obtained a conversion 
of the olefin of 98.5% with a selectivity to Cu alcohols of 86.9%. Of the C13 alcohols 
obtained, 89% was the linear, straight-chain n-tri-decanol, the remamder branched- 

chain alcohols. , , . i. u 

It is seen from the foregoing results that with triphenylphosphine as the phos- 
phorus ligand of the catalyst the predominance of the highly desirable linear straight- 
chain or normal alcohol over the branch-chain isomers is not so great as with the novel 
catalyst in which the phosphorus ligand is the bicyclic heterocyclic tert-phosphme of 
the invention. 

Example XXXVI (for comparison only) 
1-dodecene was hydroformylated in the manner described in the previous examples 
with the addition that alkali was added in a KOH/cobalt mole ratio of 0.75 : 1. By 
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V^^Mc? monoxide and hydrogen in a H,/CO mole ratio of 2- 1 at 

200— BOS^Q a pressure of 68 atmospheres, with a contact time of 5 5 hours in th^ 
presence o a catalyst consisting of ttilau;ylphosphinrSa?tSrbonyI oh^s! 
phme/cobalt mole ratio of 1.5: 1, there was obtained a convcSS. S 99 2V of tte 
5 olefin with a conversion to primary C„ alcohols of 83.2%. °° " 

., , , ^ Example XXXVII 

J>inularly 1-dodecene' was hydrofonnylated at 183 185or with -> ^^^^-^ »• 

alZhl^ i°r?l f « ca^ly« consildng Jf a SiJ^* of 9Sy^' 
Phosphabiqrclo(4.2.1]nonane-cobalt-carbonyl and 9H:icosvl-9-XsDhabicvc^Trf i ? " 
10 ncmne^t-carbpnyL There was obtained a conversion crf 99f^oi ±7o& ;ik 
a conversion to primary Q, alcohols of 86.9%. 

., , , , , Example XXXVIII 

Smularly 1-dodecene was hydroformylated at 185°C with a contact time nf fiv^ 
hours at a pressure of 81.6 atmospheres in the presence of a novel caS cSs^ of 

9-phosplabicyc op.3.1]nonane-cobalt-carto^^^ There was obtained a cwiveS of 
99.4% of the olefin with a conversion to primary Q, alcohols of 8^2% °' 
The foregoing results of obtaining a similaf conversion at about same contact 
time but at approximaUy U-C lower temperature demonsttate thr^tSSnrraDM 

n which the phosphorus hgands are the bicydic hetcrocydic tert-oEh n^Tf th-! 
pbosphine is the phosphorus hgand of the catalyst. tmauryi- 

, . . ^ ■ , Example XXXIX 

^ l-dodecene was hydrofonnylated in the manner described in Examnle XXXVTTT 

iSi:;- * P'T"* atmospheres, with a contact time of 11 h<^rs in the 

pn»ence of a catalyst consisting of 9-phenyl-9-phosphabicydor3 3 llnonane JS,alf 

30 5f o'«V° ™ * conversion to primary C,, alcohols of R^AV rw ti!- 

alcohols obtained, 87.6% was the linear, LaiS-cSSnT^SL^ol. '* ^ ^ 

, . ^ . . Example XXXX 

1-dodecene was hydrofonnylated in die manner described in Example XXXVIII 
JJirnJe^ofVcfK 

to 600 psig and slight increase in contact time to seven hours yielSd 1 SvSn 
about equal to that obtamed at the higher pressure, 98.4% of tfie olefij 86 6»7 to 
pnmary alcohols and 11.7% to by-product saturated hydrocarbon. ' 

Example XXXXI 

A series of internal normal olefins was prepared by chlorination of straieht-fham 
paraffins followed by dehydrochlorination to a corresponding mixSSe VSbfS^^u; 
internal olefins conta.mng less than 5% of the 1-ol^n. By this mcS(3^ SaUv 

S^"'^T?'''''°n' ^"^"'^"y unsaturated tridecenes; interTally unS^tS 
dodecenes, and mternaUy unsaturated undecenes were eadi prepared. Eadi of Sete 
Ifv*^^— J"*' hydroformylated in the mamier describd^in ExampirxXXVIH 
f i ""^ ^"^J^ monoxide and hydrogen in a H^/CO mole rario of 2 1 " 
170OC. a pressure of 81.6 atmospheres, with a contact tiie of 7.5 to 9 hoW^in thi 
^^TT '^f^'', conasting of a mixture of 9^icosyl-9-phosphabiS4^ n! 
nonane-cobalt-carbonyl and 9-eicosyl-9-phosphabicyclor3:3.11nonane-St iarltnii 
al «h£'7° t'm 'J r '"'^ ^ Phospliine'/cobai miL r;;ioT2 : 1. ^^^^^^ 
are tabulated m Table V, demonstrating the effectiveness of the novd catalvste toTon 
vert mtemal nonnal olefins to a substantial quantity of normL SiSftShSs 
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Table V 



Hydrofonnylation of Internal Olefins 



Internal 
olefin 


Conversion 
of olefin^ 

% 


Conversion to 
primary alkanols, 

% 


Linear^ straight- 
chain alkanol, 

% 




Tetradecdie 


98.6 


83.1 


n-pentadecanol. 


84.0 


Tridecene 


96.5 


84.2 


n^tetradecanol. 


86.6 


Dodecene 


95.9 


86.7 


n-tridecanol. 


87.5 


Undeoene > 


95.5 


82.4 


n-dodecanol. 


89.7 



A further economic advantage obtainable with the catalysts of the present in- 
vention is that^ incontinuous hydrofonnylation processing^ longer catalyst life is 
achieved by virtue of the ability to hydroformylate at lower temperatures. Additionally, 
these catalysts are more stable during the hydrofonnylation process owing to the faa 5 
that their resistance to oxidation and degradation is higher than that of catalysts having 
a trialkylphosphine ligand. 

Example XXXXII 

In an analogous way as described in the previous Examples an experiment has 
been performed using an unsaturated bicycUc heterocyclic phosphine containing 10 
catalyst. Reaction conditions and results are given below. 



9-phenyl-9-phosphabicydo- 
Phosphine ligand [4.2.1]nona-2,4,7-triene 



Cobah, % wt. 


0.2 


Fhosphioe/cobalt mole ratio 


2 


H2/CO mole ratio 


2,1 


Temperature, **C. 


198—200 


Pressure, atm. 


81.6 


Time required for 99% conversion, hr. 


1.5 


Conversion of 1-dodecene, % 


98.6 


Conversion to saturated hydrocarbon, % 


9.6 


Conversion to primary alkanols, % 


88.6 



Example XXXXIII 
1-dodecene was hydrofonnylated by reaction with carbon moQoxide and hydrogen 
in a H2/CO mole ratio of 2:1, at 200°C, a pressure of 81.6 atmospheres, with a 
contact time of 1.3 hours in the presence of a novel catalyst consisting of 9-phenyl- 
9-phosphabicyclo[4.2.1]-nona-2,4,7-triene-cobalt-carbonyl at a phosphine/cobalt mole 
ratio of 1.5 : 1. There was obtained a conversion of the olefin of 98.6% with a selectivity 
to C18 alcohols of 88.6%. Of the C13 alcohols obtained, 68% was. the linear, straight- 
chain n-tridecanol, the remainder branched-chain alcohols. 20 



Example ICXXXIV 

In a similar way as has been described in Example XXXVI 1 -dodecene was 
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hydroformylated at 175°C with a contact time of five hours at a pressure of 81.6 atmos- 
pher^ m the presence of a novel catalyst consisting of 9-phenyl-9.phosphabicyclo. 
14.2 l].nona-2,4j7-triene-cobalt-carbonyl. xhere was obtained a conversion of 98 6V 
of the olefin with a conversion to primary Qs alcohols of 88.6%. * 

The foregoing results of obtaining a similar conversion at about the same contact 
ume but at approximately 25oC lower temperature demonstrate the exceptionally 
rapid rate of hydroformylation achieved by the new and improved hydrofomiylation 
catalyst m which the phosphorus ligands. are the hydrocarbyl-substiiuted mono- 
phosphabicyclononatrienes of the invention as compared with the rate achieved when 
a trialkylphosphme such as trilaurylphosphine is the phosphorus ligand of the catalyst 

A further economic advantage obtainable with the catalysts of the present invention 
IS that, in continuous hydroformylation processing, longer catalyst life is achieved by 
virtue of the ability to hydroformylate at lower temperatures. Additionally, these 
catalysts are more stable during the hydroformylation process owing to the fact that 
their resistance to oxidatwrn and degradation is higher than that of catalysts having a 
trialkylphosphme hgand. ^ a 

WHAT WE CLAIM IS: — 

1. A process for the preparation of an aldehyde and/or alcohol by reaction of an 
olehnic compound with carbon monoxide and hydrogen in the presence of a complex 
catalyst comprising cobalt, carbon monoxide and a heterocyclic phosphine, in which 
a heterocyclic group with at least five carbon atoms is present. 

2. A process as claimed in claim 1, in which the catalyst contains a tertiary hetero- 
cyclic phosphine of- the said category. 

3. A process as claimed in claim 2, in which the catalyst contains a teniary 6- 
membered mono-heterocyclic phosphine, 

4. A process as claimed in claim 3, in which in the phosphine the phosphorus atom 
is attached to a 1,5-hydrocarbyIene diradical containing from 5 to 33 carbon atoms, 
such that any hydrocarbon substituent attached to a bridge carbon atom of said 
diradical contains no more than ten carbon atoms, and to a substituted or unsubstituted 
hydrocarbyl radical containing from 4 to 36 carbon atoms. 

5. A process as claimed in claim 4, in which die phosphine is 2,2,6,6.tetramethvl- 
1-phenylphosphonnane. 7 , j 

6. A process as claimed in claim 4, in which the phosphine is 1-eicosylphosphor- 
inane. 

7. A process as claimed in claim 4, in which the phosphine is l-(2,4,4-trimethvl- 
l-pentenyl)phosphonnane. ^ 

8. A process as claimed in claim 4, in which the phosphine participant is 1-di- 
isopropylaminophosphorinane. 

9. A process as claimed in claim 2, in which the catalyst contains a teniary 7- 
membered mono-heterocyclic phosphine. 

10. A process as claimed in claim 9, in which in the phosphine the phosphorus 
atom is attached to a 1,6-hydrocarbylene diradical containing from 6 to 34 carbon 
atoms, such that any hydrocarbon substituent anached to a bridge carbon atom of said 
diradical contains no more than ten carbon atoms, and to a hydrocarbyl radical con- 
taining from 4 to 36 carbon atoms. 

11. A process as claimed in claim 10, in which the phosphine is 1-phenyIphosphe- 
pane. ^ ^ 

12. A process as claimed in claim 10, in which the phosphine is 3,6-dimcdiyl-l- 
phenylphosphepane. 

13. A process as claimed in claim 2, in which the phosphine is a bicyclic hetero- 
cyclic tertiary phosphine. 

14. A process as claimed in claim 13, in which the phosphine is a hydrocarbyl- 
substituted mono-phosphabicyclo hydrocarbon having 8 or 9 ring atoms including the 
phosphorus atom in which the smallest phosphorus-containing ring contains at least 
5 atoms and the phosphorus atom is not a bridgehead atom. 

15. A process as claimed in claim 14, in which the bicyclic heterocyclic structure 
of the phosphine contains no more than two alkyl substituents each containing from 
1 to 4 carbon atoms, and being attached to different ring carbon atoms. 

16. A process as claimed in claim 14 or 15, in which the monophosphabicyclic 
hydrocarbon contains from 12 to 40 carbon atoms. 

17. A process as claimed in any of claims 13—15, in which the phosphine is 9- 



eicosyl-9~pli^habicyclo[4.2.1]nonane and/or 9-eicosyl-9^osphabicyclo[33.11- 



18. A process as claimed in any of claims 13—15, m which the phosphme is 9- 
phenyl-9-phosphabicycloE[4.2. 1 ] nonane and/or 9-phenyl-9-phosphabicycIo [3.3. 1 ] - 



nonane. 



19. A process as claimed in claim 13 or 14, in which the phosphine is a hyaro- 
carbyl-substituted monophosphabicyclic-nonatricne. , 

20. A process as claimed in claim 19, in which the phosphine contains from 1^ 
to 38 carbon' atoms. • « • io 

21. A process as claimed in claim 20, in which the phosphme is 9-cicosyi-v- 
phosphabicydo[4.2.11nona-2,4,7-triene. . « u i o 

22. A process as claimed in claim 20," in which the phosphme is 9-pnenyj-v- 
phosphabicyclo[4.2-l ] nona-2,4,7-triene. 

23. A process as claimed in any of claims 1—22, in which a reaction temperature 
between 100 and 300^C is used. ■ • *u 

24. A process.as claimed in claim 23, in which the reaaion temperature is m tne 
range from 125 to 210^C . ^ , . 

25. A process as claimed in any of claims 1 — 24, m which the reaction is per- 
formed under a pressure in the range from 20.4 to 102 atmospheres. 

26. A process as claimed in claim 25, in which the pressure is in The range from 
27.2 to 81.6 atmospheres. . 

27. A process for the preparation of an aldehyde and/or alcohol, substantially as 
described in any of Examples XVI—XXIII, XXV— XXXV, XXXVII— XXXXIV, 

28. An aldehyde or alcohol, whenever prepared by a process as claimed m any 
of claims 1 — ^27. , , ^ . 

29. A process for the preparation of a complex suiuble to be used as a catalyst in 
the process as claimed m any of claims 1—27, in which a cobalt salt is complexed 
with a heterocyclic phosphine in which a heterocyclic group with at least five carbon 
atoms is present. . • . n. 

30. A process as claimed in claim 29, in which the cobak salt is a cobalt alkanoate 
having 6 to 12 carbon atoms in the molecule. 

31. A complex whenever prepared by a process as claimed in claim 29 or ^U. 

32. A process for the preparation of a heterocyclic tertiary phosphine having at 
least five carbon atoms in the heterocyclic group and suitable to be used as participants 
in catalysts in the process as claimed in any of claims 2 — 12 or 23 — 27, m which a 
divinyl-substituted hydrocarbon containing two non-conjugated double bonds, pJJPJ'^^ 
by a hydrocarbylene group of 1 to 14 carbon atoms, the bridge connecting said double 
bonds comprising one or two carbon atoms, is reacted with a mono-substituted phosphine 
in the presence of a free radical-generating catalyst and in the absence of substantial 

amounts of oxygen. , . ^ « w«« 

33. A process as claimed in claim 32, in which the divmyl-substituted hydrocarbon 
is 1,4-pentadiene, biallyl or bimethallyL ^ ^ u ^ i;^ 

34. A process for the preparation of a monocyclic 6- or 7-membered heterocycuc 
phosphine substantially as described in any of Examples I — VII. 

35. A heterocyclic tertiary phosphine when prepared by a process as claimed m 

any of claims 32 — ^34. . , . , ^u:«„ 

36. As a novel compound, a bicyclic heterocychc secondary or tertiary phospnine. 

37. A monophosphabicyclic hydrocarbon having from 7 to 46 carbon atonis, m 
which bicychc structure the phosphorus atom is a member of a ring, without being 
a bridgehead atom, and the smallest phosphorus-containing ring consists of at least 

^ ^ monophosphabicyclic hydrocarbons as claimed in claim 37 in which the 

phosphorus atom is attached to a hydrocarbyl substiment from 1 to 36 carbon atoms. 

39. 9-Phosphabicyclononanes. 

40. 9-Phosphabicydo[4.2.1]nonane. 

41. 9-Phosphabicycld[3.3.1]nonane. 

42. 9-Phenyl-9-phosphabicyclo [4.2. 1 ] nonane. 

43. 9-Phenyl-9-phosphabicyclo[3.3.ljnonane. 

44. 9-Eicdsyl-9-phosphabicyclo [4.2.1 Inonane. 

45. 9-Eicosyl-9-phosphabicyclo[3.3.11nonane. 

46 A process for the preparation of a bicyclic heterocyclic secondary and tertiary 
phosphines, suitable to be used as a participant in a catalyst in the process as clainied 
In any of claims 1, 2 and 13—27, in which a cyclic hydrocarbon containing two ring 
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non-conjugated and non-homoconjugative double bonds is reacted with PH3 or a mono- 
substituted phosphine m the presence of a free radical-gcnerating caulyst and in the 
substanual absence of oxygen. o / 

r r \ Pfo<^^, ^ clainied in claim 46, in which substantially cquimolar amounts 
of cydic hydrocarbon , having 7 or 8 ring carbon atoms and containing two non- 5 
copjugated and non-homoconjugative double bonds is reacted with PH, or a mono- 
subsumted phosphme containing from 4 to 30 carbon atoms in the presence of a free 
radical generaong catalyst and in the substantial absence of oxygen. 

48 A process as'le^ed in claim"46 or 47, in which the cyclic hydrocarbon is 
1,5-cyclooctadienc or 3,7-dMnethyl-l,5-cyclooaadiene. 10 

49. A proccffi for die preparation of a monophosphabicyclic hydrocarbon, sub- 
stanaally as described m any of Examples VIII ^XIII, 

50. A bicyclic heterocyclic phosphine when produced by a process as claimed in 
any of claims 44 — 49. 

For the Applicants : 
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Chartered Patent Agents, 
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Chancery Lane, 
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